Correspondence : Xuewei Bai (baixuewei78@outlook.com) We observed that acute pancreatitis (AP) was associated with diffuse reduction in spleen density (DROSD) in some patients. Furthermore, the condition of these patients was more serious, and the potential relationship between DROSD and structural and functional injury of the spleen remained unclear. Therefore, we performed a preliminary exploration of these factors. We analysed pertinent clinical data for AP patients with normal spleen density (control group) and for those with DROSD (reduction group) at the First Affiliated Hospital of Harbin Medical University (June 2013-June 2015). We measured the immunoglobulin M (IgM) B-cells of the AP patients and examined pancreatic and splenic tissues from AP rats with optical microscopy and TEM. The reduction group had a higher acute physiology and chronic health evaluation II (APACHE II) score, a longer length of stay (LOS) and lower serum calcium than the control group. The levels of triglycerides (TG) and total cholesterol (TC) did not differ significantly between the two groups. The percentage of IgM memory B-cells was significantly lower in the DROSD group than in the control group. TEM revealed that the spleen T-lymphocytes were normal in AP rats, but pyroptotic and necrotic spleen B-cells were observed in the severe AP rats. In AP, DROSD was an independent indicator of more severe conditions. Furthermore, spleen B-lymphocytes showed obvious damage at the cellular level, and the immunological function of the spleen was down-regulated when AP was associated with DROSD.
Introduction
Acute pancreatitis (AP) is a complex abdominal disease that involves an intense local and systemic inflammatory response syndrome (SIRS). Furthermore, severe acute pancreatitis (SAP) is more serious because it is prone to cause complicated multiple organ dysfunction syndrome (MODS), which is one of the main causes of death in patients with SAP [1] [2] [3] . Thus, the injury mechanisms and functional protection of the organs far from the pancreas, such as the liver, kidneys and lungs, have been intensively studied by numerous scholars [4] [5] [6] . However, although the spleen is an adjacent organ of the pancreas, and its anatomical location is very close to the pancreas, research on spleen injury in the course of AP is still weak. As one of the largest AP centres in Northeast China, more than 200 AP patients are treated in our centre each year. In our long-term clinical practice, we have observed that some AP patients can show a diffuse reduction in spleen density (DROSD) on computed tomography (CT). We initially believed that this finding was only an occasional phenomenon. However, the number of such patients has increased as we have seen more AP patients, and we have observed that the appearance of this phenomenon seems to be related to the condition of AP. Herein, we consulted much of the relevant literature, but only related case reports were found. For example, Arenal et al. [7] reported two cases of AP complicated by splenic infarction; Ray et al. [8] reported a case of SAP in which the patient's spleen was removed due to diffuse splenic infarction; Hernani et al. [9] reported one case of AP complicated by atraumatic splenic rupture; Jiang et al. [10] reported two cases of AP associated with reduction in spleen density, and they proposed that the phenomenon might be related to lipid metabolism. Unfortunately, due to the limitation of sample size, these reports only referred to the phenomenon of splenic injury in AP, but failed to investigate the relevance between the condition of AP and the injury of spleen. Herein, if we can confirm that the occurrence of the DROSD is linked to the condition of AP, our study will provide some clues for the research on the correlation between the condition of AP and the injury of spleen.
In addition, AP can lead to complex immune disturbances during the disease course, characterized by pro-inflammatory and anti-inflammatory responses, which are among of the reasons for the progression of AP [11, 12] . When AP occurs, the enhancement of the pro-inflammatory response can stimulate the ability of the body's immunity to resist infection and to promote repair [13] . However, if the pro-inflammatory response is overactivated, the pro-inflammatory cytokines are uncontrolled and excessively released, resulting in the occurrence and continuous existence of the SIRS, inducing immune disturbance characterized by pro-inflammatory response [11] . In fact, along with the overactivated pro-inflammatory response, anti-inflammatory responses are also activated to resist the excessively activated pro-inflammatory response. For instance, the expression of human leucocyte antigen-DR (HLA-DR) on monocytes is decreased; the synthesis and release of interleukins (ILs)-10, 11 and 1ra, tumour necrosis factor receptor-α (TNFR-α) etc., which have direct anti-inflammatory effects, are increased [14, 15] . With progression, compensatory anti-inflammatory response syndrome (CARS) can occur, in which the anti-inflammatory mediators become dominant, which results in immune disturbance characterized by anti-inflammatory response and immune suppression, which renders the body susceptible to infection [12, 16, 17] . Therefore, maintaining immune homoeostasis is vital for the outcomes of AP. The spleen, compared with the liver, kidneys, lungs etc., is the largest peripheral immune organ and is crucial in regulating immune homoeostasis via its ability to link innate and adaptive immunity [18] . Indeed, patients who underwent splenectomy are significantly susceptible to bacterial infection and, even worse, overwhelming post-splenectomy infection (OPSI), which has been seen worldwide [19, 20] . Additionally, Yasuda et al. [21] showed that splenocytes were recruited into the systemic circulation in response to peripheral lymphocyte reduction in experimental SAP. Hughes et al. [22] reported that SAP in a rat model was associated with significant up-regulation of tumour necrosis factor-α (TNF-α) mRNA in splenic mononuclear cells. Norman et al. [23] reported that IL-1β and TNF-α were produced in the spleen in necrotizing pancreatitis induced in young female mice. All of these data demonstrated that the spleen participates in AP regulation of immune homoeostasis. However, studies of the spleen's immune function in AP remain insufficient, especially when the AP is associated with DROSD. Therefore, if we can figure out its changes, especially the ones of spleen immune function when the spleen density is reduced, the immune regulation theory in AP will be enriched.
Based on the above considerations, we conducted an international, single-centre study enrolling the most AP patients to date with diagnoses of DROSD. The aim of the present study was to determine whether DROSD was related to the severity of AP and whether it was related to structural and functional injury of the spleen.
Materials and methods

Patients and experimental design
Based on the classification of AP established in 2012 in the revision of the Atlanta Classification and Definitions by International Consensus (Atlanta International Consensus), we selected patients from the First Affiliated Hospital of Harbin Medical University (June 2013-June 2015) with diagnoses of AP [24] . We excluded patients with past histories of splenic diseases or incomplete medical records. A total of 377 patients met the above criteria and were included in the present study. Within 48 h of hospitalization, we collected the highest acute physiology and chronic health evaluation II (APACHE II) score, total cholesterol (TC), triglycerides (TG) and the lowest concentration of serum calcium (Ca 2+ ) of the 377 AP patients. We also recorded their length of stay (LOS). Experiment 1: According to the spleen CT value, we classified the 377 AP patients into two groups: the control group (40 CT value 55 HU) and the reduction group (CT value < 40 HU) [25] . To assess the conditions of the patients in the two groups, we analysed the APACHE II score, Ca 2+ and LOS. We also analysed the correlations of DROSD with TC and TG using logistic regression (Figure 1a) . Experiment 2: We randomly selected ten AP patients each from the control group and the reduction group. Then, we drew 10 ml of peripheral venous blood from these selected patients into heparinized tubes for the analysis of immunoglobulin M (IgM) memory B-cells (Figure 1b) . 
Experiment 3:
According to the severity of the AP patients' conditions, we randomly selected patients with diagnoses of mild acute pancreatitis (MAP) (n=10), moderately severe acute pancreatitis (MSAP) (n=10) and SAP (n=10) from the 377 patients. We drew 10 ml of peripheral venous blood from these selected patients and from ten randomly selected healthy volunteers into heparinized tubes for the analysis of IgM memory B-cells. We evaluated the immunological function of the spleen based on the percentage of IgM memory B-cells. In addition, we determined the AP patients' spleen CT values and compared the differences among these three groups (Figure 1c) .
The present study was approved by the institutional review board of the First Affiliated Hospital of Harbin Medical University (study protocol No. 201511), and all samples were collected with the informed consent of the patients. The patient blood samples were analysed by the Department of Medical Laboratory at the First Affiliated Hospital of Harbin Medical University, and abdominal CT scans of the patients were performed by the Department of Radiology at the First Affiliated Hospital of Harbin Medical University.
Measurement of the spleen CT values for AP patients
The spleen CT values of the AP patients were determined by the Department of Radiology of the First Affiliated Hospital of Harbin Medical University under the same scanning parameters. Briefly, the location conditions included 400 mm of the scanning range, 180 degrees of the rotation angle, 120 kV of the tube voltage and 50 mA of the tube current. The axial scanning conditions included 300 mm of the scanning length, 3 mm of the layer thickness, 120 kV of the tube voltage and 80 mA of the tube current. The scanning dose conditions included 21.1 mGy of the computed tomography dose index (CTDI), 11.3 s of the time and 720.0 mGy · cm of the dose-length product (DLP).
Flow cytometric analysis of IgM memory B-cells
Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized peripheral venous blood by Lymphoprep gradient centrifugation (TBD Sciences, Tianjin, China), and they were incubated with fluorescent label-conjugated monoclonal antibodies at saturating concentrations (anti-human CD22, anti-human CD27 and anti-human IgM: 20 μl/100 μl experimental sample of 1 × 10 6 cells; anti- 
Animals and experimental design
The University Animal Ethics Committee approved all animal care and experimental protocols (study protocol No. 2015006). Seventy-five male Wistar rats weighting 250-300 g were purchased from the Animal Research Center at the Second Affiliated Hospital of Harbin Medical University in Harbin, China. The rats were fed rodent chow, and water was provided under standard conditions (12-h light/dark cycles). The rats were randomly assigned to three groups: sham, MAP and SAP. Each group consisted of 25 rats. The rats were fasted overnight prior to surgery and were anesthetized via intraperitoneal injection of 40 mg/kg pentobarbital. The sham operation included only laparotomy and puncture of the duodenal wall. MAP and SAP were induced using the methods described previously by Cuthbertson et al. [28] and Bai et al. [29] . Briefly, we performed a midline laparotomy and introduced a blunt 27-gauge needle into the distal end of the biliopancreatic duct via puncture of the duodenal wall. Prior to injection, the proximal bile duct was temporarily occluded at the porta hepatis by a vascular clamp, and the distal duct was blocked by the placement of a titanium aneurysm clip. Sodium taurocholate (MAP: 1.5%; SAP: 3.5%; 20 mg/kg, Sigma-Aldrich, Shanghai, China) was infused at a pressure of 5 kPa controlled using a sphygmomanometer. The needle, vascular clamp and titanium clip were removed after 5 min of the injection. The duodenal and abdominal wounds were closed, and the rats recovered on heated pads. Rats in each group were chosen randomly to be killed at 6, 12, 24, 48 or 72 h after surgery. The peripheral venous blood was centrifuged at 3000 rpm for 10 min, and the supernatant serum was collected and stored at −80
• C [30] . In addition, the mass of the spleen was measured using a micro-electronic balance (FA-1004, Shanghai Precision Instrument Co., Ltd., China), and the volume of the spleen was measured using a precision cylinder. The density of the spleen was calculated using the formula (ρ=m/v). The pancreatic and splenic tissues were then fixed in formalin or glutaraldehyde.
Evaluation of the splenic haemoperfusion of the rats
Fifteen male Wistar rats weighting 250-300 g were randomly assigned to three groups: sham (n=5), MAP (n=5) and SAP (n=5). MAP and SAP were induced using the methods described above. One rat in each group was chosen randomly to evaluate the splenic haemoperfusion with ultrasound at 6, 12, 24, 48 or 72 h after surgery. Briefly, we initially identified the spleens of the rats with grey-scale ultrasound, and on the basis of these findings, we firstly evaluated the splenic haemoperfusion with colour Doppler ultrasound. Then, we switched the sonographic unit to the contrast-tuned imaging mode, and an ultrasound contrast agent (SonoVue, Bracco International, Amsterdam, the Netherlands) at a dose of 0.1 ml/kg was administered as a bolus into the caudal vein of the rat, followed by a 0.15 ml saline flush [31, 32] . Immediately after injection, continuous scanning of the spleen was conducted to evaluate further the splenic haemoperfusion.
Measurement of the tuftsin concentration in the serum of AP rats
The tuftsin concentration in the serum of rats was determined by HPLC, as described previously by Amoscato et al. [33] . Detection and quantification of analytes were performed on a LC apparatus (LC-20AT) under suitable chromatographic conditions, indicating that the standards and samples were separated on a YMC-Triart C 18 (Shimadzu, 250×4.6 mml.D S-5 μm, 12 nm) column by isocratic elution using a mobile phase consisting of methanol ( 99.9%, J&K Scientific, Beijing, China) and heptafluorobutyric acid (C 4 HF 7 O 2 ) solution (0.0023 mol/l, Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) (35:65, v/v) at a constant flow rate of 1.0 ml/min. All of the analyses were monitored at a wavelength of 214 nm at an ambient temperature. The chromatogram run time was 30 min.
To obtain the calibration graph and the regression, a stock solution (0.4 mg/ml) of tuftsin acetate salt hydrate was prepared by dissolving 4 mg of compound in 10 ml of methanol. Working solutions (40, 8, 4 , 2, 1, 0.4 and 0.2 μg/ml) were prepared by appropriate serial dilution of the stock solution with methanol. These working solutions were analysed to obtain their peak areas, and then the calibration graph was drawn to obtain the regression equation with different concentrations of the working solutions and their corresponding peak areas. To obtain the peak area of the serum tuftsin in rats, 1 ml of serum was diluted with 3 ml of (NH 4 ) 2 CO 3 (0.1 mol/l, Amresco, U.S.A.) and digested with 1 mg of type ι trypsin [30] . The digestion was incubated at 37
• C for 1 h, and 17.5 ml of 95% alcohol was added. The mixture was then incubated at 80
• C for 15 min. After cooling on ice, the mixture was centrifuged at 3000 rpm for 30 min at 4
• C. The supernatant containing tuftsin was decanted into a 25 ml distilling flask, and the solvent was evaporated using a rotary evaporator. The dry residue was gathered and dissolved in a mixture of acetonitrile and water (200 μl, 1:1, v/v). Then, the supernatant was analysed by HPLC to obtain the peak area.
Histological examination
Formalin-fixed tissues of the pancreas and spleen were embedded in paraffin, sectioned, stained with haematoxylin and eosin (HE) and examined by light microscopy. The pathological scoring of the pancreatic tissue was performed by two professional histologists according to the criteria described by Schmidt et al. [34] . We scored the pancreatic tissues for oedema, acinar necrosis, haemorrhage and fat necrosis, inflammation and perivascular infiltration [35] .
TEM analysis
TEM analysis was performed to observe the changes in the spleen. Splenic tissues were double fixed in 2.5% glutaraldehyde and 1% osmic acid for 2 h and then rapidly stained with 2% acetic acid U, dehydrated in a graded series of alcohol and acetone, embedded in Epon 812 and cut with a Reichert-Jung ultramicrotome. The specimens were double stained with acetic acid U and lead citrate solution and examined with a HITACHIH-7650 operating at 80 kV [36] .
Statistical analysis
The results are presented as the mean + − S.D. The data were analysed by one-way ANOVA followed by a Student-Newman-Keuls test, with Bonferroni correction for multiple comparisons. t-Statistics were used for data with a continuous and normal distribution, and the rank-sum test was used for abnormally distributed data. Categorical variables were compared using chi-square tests. Logistic regression analysis was performed to identify influencing factors. All analyses used a two-sided test using SPSS 19.0 software. The level of significance was set for P-values less than 0.05.
Results
There were no significant differences in age or sex among the groups ( Table 1 and Table 2 ).
SAP patients had lower spleen CT values than MAP and MSAP patients
Clinically, we observed that some AP patients were complicated by DROSD, and we collected 37 cases of such patients in the present study. As shown in representative images in Figure 2a Note: The data are expressed as the mean + − S.E.M., and statistical analysis was performed with the Mann-Whitney U test. Control group: AP patients with normal spleen density; Reduction group: AP patients with DROSD. The level of significance was set for P -values less than 0.05. AP patients with DROSD had more serious conditions than those with normal spleen density APACHE II, serum calcium values and LOS were collected to assess the conditions of AP patients [37] . As shown in Table 3 , the patients in the reduction group had significantly higher APACHE II scores and longer LOS than those in the control group (P<0.001). Furthermore, the concentration of serum calcium was significantly less in the reduction group than in the control group (P=0.001). Thus, the conditions of the AP patients with DROSD were more serious than those of the patients with normal spleen density.
SAP rats had lower spleen density than MAP rats
To confirm further the correlation between spleen density and the severity of AP, the spleen density of the rats was measured, and the pancreatic tissues of the rats were scored for oedema, acinar necrosis, haemorrhage, fat necrosis, inflammation and perivascular infiltration [35] . As shown in representative images in Figure 3a , compared with the normal morphology in the sham group, the MAP group exhibited mild oedema and a small amount of inflammatory cell infiltration at 6, 12, 24, 48 and 72 h. However, the SAP group exhibited serious oedema, extensive necrosis, focal haemorrhage and inflammatory cell infiltration. As shown in Figure 3b , the average pathological score of the SAP group was significantly higher than those of the sham group and MAP group (12.96 + − 1.02 compared with 0.94 + − 0.44 and 4.40 + − 0.76; P<0.001). In contrast, the average spleen density was significantly lower in the SAP group Figure 3c ). However, the difference in spleen density between the MAP group and the sham group was not significant (1.03 + − 0.03 compared with 1.10 + − 0.11; P>0.05). From these data, we found that the conditions of the rats in SAP group were more serious, but the spleen density of the rats in the SAP group was less.
There was larger spleen volume in the SAP group than in the sham and MAP groups
To explore the reasons for the spleen density changes in rats, the mass and volume of the spleen were analysed. As shown in Figure 4a , there were no differences in the average mass of the spleen among the three groups Representative sonogram of the splenic haemoperfusion on ultrasound contrast imaging. There was no significant differences in the visible signal intensity of the spleen between the sham and MAP groups; however, the splenic haemoperfusion decreased in SAP rats, and their visible signal intensity of the spleen was lower.
between the MAP group and the sham group was not significant (P=0.865). Thus, the changes in the spleen density of the rats were related to the spleen volume instead of the spleen mass.
Splenic haemoperfusion decreased in SAP rats
As shown in the representative sonogram of colour Doppler ultrasound (Figure 5a) , the blood flow signals of spleens did not differ between the sham group and MAP group of AP rats, and all of them presented with clustered and locally dense blood flow signals; however, compared with the sham group, the blood flow signals of spleens in the SAP group showed a punctate or linear pattern at 24, 48 and 72 h after surgery, but no obvious differences were found at 6 and 12 h. Furthermore, on representative ultrasound contrast imaging (Figure 5b) , no significant differences in the visible signal intensity of the spleen were observed between the sham and MAP groups; however, compared with the sham group, the visible signal intensity of the spleen was lower at 24, 48 and 72 h after surgery, but no obvious differences were found at 6 and 12 h. From these data, we could see that the splenic haemoperfusion in SAP rats decreased.
No correlation between DROSD and blood lipids in AP patients
Because DROSD in AP might be related to high blood lipid levels, we analysed the correlations of TC and TG with spleen density by logistic regression [10] . As shown in Figure 6a and In addition, Gemstone spectral imaging (GSI) analysis of AP patients revealed that the spectral CT curves of the spleen and abdominal fat exhibited opposite trends, with no difference between the control group and the reduction group (Figure 6c and d) . These results suggested that DROSD in AP was not caused by the accumulation of lipids in the spleen.
The different pathological changes of spleens in the MAP and SAP groups
To analyse the pathological impairment of the spleen in AP, the splenic tissues of the rats were examined by optical microscopy. Representative pathological images of splenic tissue obtained by optical microscopy are presented in Figure 7 . Compared with the normal morphology of the sham group, the MAP group exhibited a small amount of fibroblast infiltration at 12 and 24 h, but the differences between the groups were not significant at 6, 48 and 72 h. However, the SAP group exhibited a small amount of fibroblast infiltration at 6 h and obvious fibroblast infiltration and a decrease in lymphocytes at 12, 24, 48 and 72 h.
More obvious damage to rat splenic B-lymphocytes
To further observe the ultrastructural changes of the lymphocytes, rat spleens were examined by TEM. Thin sections of splenic tissue samples from the sham group revealed normal B-lymphocytes and T-lymphocytes characterized by nuclear regularity and a complete cell membrane (Figure 8a ). In the MAP group, apoptotic B-lymphocytes were observed, and these B-lymphocytes were characterized by nuclear condensation, chromatin condensation and swollen mitochondria; however, compared with the sham group, there was no difference in T-lymphocytes, which were characterized by a clear and complete cell structure and regular nuclear morphology (Figure 8b ). In the SAP group, we observed pyroptotic B-lymphocytes characterized by nuclear condensation and a ruptured cell membrane (Figure 8c ). We also observed necrotic spleen B-lymphocytes, which were characterized by lytic organelles, a disrupted membrane and a naked nucleus, but there was no difference in T-lymphocytes compared with the sham group (Figure 8d) . These results suggest that the spleen B-lymphocytes are obviously damaged in AP.
The immunological function of the spleen in AP patients with DROSD down-regulated
Two populations of B-cells have been identified in human PBMCs: mature and memory B-cells, which can be distinguished by the combined use of CD22 and CD27. CD22 is a B-cell marker, and CD27 is expressed on memory B-and T-cells [26] . Mature B-cells are CD27 − , and circulating memory B-cells are CD27 + (Figure 9a ). Based on the relative expressions of IgM and IgD, memory B-cells can be further subdivided into IgM memory (an IgM-only subset, an IgM + IgD + subset and a minor IgD-only subset) and switched memory B-cells (an IgM − IgD − subset) (Figure 9b ). To evaluate the immunological function of the spleen in AP patients, we measured the percentage of IgM memory B-cells in the peripheral venous blood of healthy volunteers and AP patients (Figure 9c ). The percentage of IgM memory B-cells (Figure 9d ) was 16.6 + − 1.34% in healthy volunteers, but it was significantly lower in the patients with MSAP and SAP (11.75 + − 0.91%, P=0.002; 8.27 + − 1.91%, P<0.001). In contrast, the percentage of IgM memory B-cells was significantly higher in patients with MAP (22.97 + − 4.38%, P<0.001), suggesting that the immunological function of the spleen exhibited a biphasic alteration in AP. In addition, we also compared the percentages of IgM memory B-cells in ten patients with AP associated with DROSD and ten patients with AP associated with a normal spleen density. As shown in Figure 9d in MSAP patients and SAP patients. These results suggested the down-regulation of the immunological function of the spleen in AP patients with DROSD.
The immunological function of the rat spleen exhibited biphasic and phasic alteration
To evaluate the immunological function of the spleen in AP rats, we detected the tuftsin concentration in the serum [38, 39] . As shown in Figure 10a , when the working solution was analysed, the peak area of tuftsin acetate salt hydrate was detected at approximately 16 min, similar to previous studies. Then, a regression equation was obtained from the points corresponding to the seven concentrations of the working solutions (x) and their peak areas (y) as y=5.3976x−771.7, with a correlation coefficient of 0.9999. Furthermore, its calibration graph showed that the peak area of tuftsin and the concentration of tuftsin were linear over the range 0.2-40 μg/ml (Figure 10b) . Thus, we could obtain the tuftsin concentration in rat serum by the regression equation. As shown in the representative images in Figure 10c , compared with the normal peak area of serum tuftsin in the sham group, the MAP group exhibited a larger size of the peak area at 12 h and 24 h. However, the SAP group exhibited a smaller size at 12, 24, 48 and 72 h. Furthermore, as shown in Figure 10d and Table 4 , the tuftsin concentration in serum was significantly higher in the MAP group than that in the sham group at 12 and 24 h (P<0.001). However, no differences were observed at 6, 48 and 72 h (6 h: P=0.634; 48 h: P=0.705; 72 h: P=0.786). In contrast with the MAP group, the tuftsin concentration in serum was significantly lower in the SAP group than in the sham group at 12, 24, 48 and 72 h (12 h: P=0.003; 24 h: P=0.011; 48 h: P=0.012; 72 h: P=0.010) after surgery. However, there were no obvious differences in the tuftsin concentration between the two groups at 6 h (P=0.524). These results suggested that the immunological function of the spleen in AP rats exhibited biphasic and phasic alteration. 
Discussion
AP can lead to complex immune disturbances during the disease course, and the spleen, which is the largest peripheral immune organ, participates in AP regulation of immune homoeostasis. In the present study, we found that in AP the spleen could be changed, which was characterized by diffuse reduction in density morphologically, and this phenomenon was related to the condition of AP. Moreover, we also demonstrated that the spleen could be impaired ultrastructurally, which was characterized by impaired B-lymphocytes. Thus, the clinical significance , the mechanism and the changes of the immune function of the DROSD in AP are worthwhile to be discussed.
The spleen is an abdominal parenchymal organ of the human body, and a healthy spleen has stable density on CT scans (the CT value is 40-55 HU) [10, 26] . However, we recently observed that AP could be associated with DROSD in some patients clinically (Figure 2b) . The spleen CT values of these patients were significantly decreased and even negative. Herein, we conducted experiments and compared the spleen CT values of AP patients in MAP, MSAP and SAP groups. We found that the average spleen CT value of the patients in the SAP group was significantly less than that in the MAP and MSAP groups (Figure 2d) , suggesting that the decrease in spleen density was related to the severity of AP. Moreover, we observed that these patients had longer lengths of stay (Table 3) , and the treatment of these patients was more difficult and challenging work for us. Thus, we analysed the APACHE II score and the concentration of serum calcium in two groups of patients: patients with AP associated with normal spleen density and patients with AP associated with DROSD. Clinically, the APACHE II score is a widely used scoring system that can quantitatively evaluate the severity of AP, and serum calcium is a common laboratory test that can dynamically evaluate the severity of AP [37, 40, 41] . Our analysis showed that the APACHE II score was higher, and the concentration of serum calcium was lower in the reduction group compared with the control group ( Table 3 ), suggesting that the condition of AP patients associated with DROSD was more serious. To verify further our clinical analysis results, we induced MAP and SAP in rats by infusing different concentrations of sodium taurocholate into the biliopancreatic duct, as described previously [28, 29] . In this animal experiment, the severity of the models was evaluated based on pathological scoring of the pancreatic tissue, and the spleen density of the rats was measured [34, 35] . Our experimental results showed that the pathological score was higher in the SAP group than in the sham and MAP groups (Figure 3b ), whereas the spleen density was lower in the SAP group (Figure 3c) . These results again demonstrated that DROSD was an independent indicator of AP severity. Clinically, accurate and prompt prediction of severe AP would be of great value in helping clinicians to classify patients for the appropriate level of care and to guide early management and thus improve the treatment effects in AP [42] . Thus, several serum laboratory parameters have been studied individually as predictors of SAP, including serum calcium, IL-1, 6 and 8, C-reactive protein (CRP), haematocrit, polymorphonuclear elastase and others [37, 41, [43] [44] [45] . However, the accuracy of prediction has been limited because these levels are often influenced by fluid resuscitation, although they are readily available and inexpensive, and they have standardized reference ranges [45] . Quantitative and accurate scoring systems, such as the APACHE-II score, Ranson score etc., have also been used to predict the severity of AP [37, 40, 41, 46] . However, one major limitation of the available scoring systems is that they are complex and frequently cumbersome to perform in clinical practice [47] . In contrast, imaging evaluation methods, such as the Balthazar CT grading system and modified CT severity index (MCTSI), are more popular clinically because they are obvious, routine and less affected by fluid resuscitation [24] . In the present study, the 37 cases of AP with DROSD included 24 SAP cases and 13 MSAP cases. We found not only that the condition of AP patients associated with DROSD was more serious, but we also found that the features of DROSD were visual and obvious. Furthermore, the spleen density had a spleen CT value as a basis for reference. Therefore, we believe that the DROSD could be an independent indicator of more severe conditions of AP, and it has a higher specificity. However, its sensitivity is relatively low due to not all SAP patients being complicated by DROSD.
There has been no report about the mechanism of the DROSD in AP. But in the previous studies about the splenic injury in AP, Yasuda et al. [48] indicated that splenic atrophy and weight loss occurred in rat experimental SAP. Thus, in order to explore the relationship between the DROSD and the splenic mass and volume in AP, we measured the mass and volume of the spleen in rats. We found that there were no differences in the average spleen mass in the sham, MAP and SAP groups (Figure 4a) . However, the average spleen volume in the SAP group was significantly larger than that in the sham and MAP groups (Figure 4b ). These findings indicated that the reduction in spleen density in SAP rats was related to the increase in spleen volume. Although previous studies of spleen injury in AP were weak, the study of the mechanism of liver injury in AP was relatively adequate. For example, in animal studies, Zhang XP et al. [49] found that SAP could cause the liver mild swelling, dilated intrahepatic vessels dilated and congested hepatic sinusoids; Arita et al. [50] showed that the liver could present with increased vascular permeability, microvascular disturbances and abnormal haemoperfusion when SAP was complicated by liver damage, and these factors could cause reduced liver density on CT. It was therefore of interest to observe whether there was also abnormal spleen haemoperfusion in the present study. Our sonograms from colour Doppler ultrasound showed that the blood flow signals of the spleen did not differ between the sham group and MAP group of AP rats, and all of them presented with clustered and locally dense blood flow signals ( Figure 5a) ; however, the SAP group showed a punctate or linear pattern of blood flow signals (Figure 5a) , suggesting that spleen haemoperfusion in the SAP group was reduced. Furthermore, on ultrasound contrast imaging, no significant difference in visible signal intensity of the spleen was observed between the sham and MAP groups ( Figure 5b) ; however, a lower visible signal intensity of the spleen was observed in the SAP group (Figure 5b) . These findings further indicated that the spleen could show abnormal haemoperfusion in SAP. However, whether the abnormal haemoperfusion observed in our animal study would occur in AP patients was not clear because the course and distribution of the splenic vessels in rats are somewhat different from those in humans. We will study this issue in future studies under the informed consent of patients. Furthermore, Sirotakova et al. [51] showed that the splenic sympathetic nerve, accompanied by the splenic artery entering the spleen, regulates spleen haemoperfusion and the immune function of the spleen lymphocytes; MacNeil BJ et al. [52] found that the relationship between the electrophysiological activity of the spleen and endotoxins occurred in a dose-dependent manner. That is, with more endotoxins, we could see higher activity intensity of the spleen sympathetic nerve, a shorter incubation period and less haemoperfusion of the spleen. Herein, we hypothesized that, similar to injury of the liver in SAP, the spleen might also experience microvascular disturbances and abnormal haemoperfusion with permeation and attack by trypsin, inflammatory cytokines, endotoxins, and other compounds, which are produced in the process of SAP and then cause the spleen volume to increase and all of these factors might cause the spleen to show DROSD on CT imaging.
Additionally, some scholars have speculated that the mechanism of DROSD in AP might be due to high blood lipids, which can result in the deposition of lipids in the internal organs of these patients [10] . Unfortunately, relevant evidence-based medicine has been lacking. In the present study, we collected the TC and TG values of 377 patients with AP (including 37 cases of AP associated with DROSD) in our hospital, and we analysed the correlation between DROSD and blood lipids by multivariate logistic regression analysis for the first time. This analysis revealed that TC and TG did not differ between the control and reduction groups of patients with AP (Figure 7a and b) , suggesting that DROSD was not attributable to high blood lipid levels in these patients. Furthermore, we used GSI to process the imaging analysis to determine whether DROSD was caused by the deposition of lipids or not. GSI is a type of imaging technology that can change the attenuation coefficient of X-rays in the material into the corresponding image and can provide not only monochromatic CT images but also spectral CT curves for the analysis of organ components [53] [54] [55] . For example, Hou and colleagues performed GSI to differentiate lung cancers from inflammatory masses, which have different histological structures, and they observed that the slopes of the spectral CT curves of these two masses differed [56] . Lv et al. [57] differentiated small hepatic haemangioma from small hepatocellular carcinoma using GSI. Du et al. [58] reported that the spectral CT curves of primary lesions of the gallbladder and metastatic retroperitoneal lymph nodes exhibited similar patterns because they originated from the same cells. Our analysis results showed that the spectral CT curves of the spleen and abdominal fat exhibited opposite trends in the patients with AP associated with DROSD (Figure 7c) . Identical results were obtained for patients with AP associated with normal spleen density (Figure 7d) . Thus, these findings further indicated that DROSD was not caused by the deposition of lipids in the spleen. Herein, a definite correlation between DROSD and blood lipids was not identified in the present study. Whether DROSD is related to blood lipids further requires a multicentre study.
Previous studies showed that splenocytes decreased in SAP, which resulted in peripheral lymphocytes reduction, leading to injury of immune function of the body [48] . Furthermore, the injury of the body's immune function was mainly due to the decreased activity of the helper T (TH) cell and suppressor T (TS) cell, but it had little relationship with B-lymphocytes [59] . Indeed, rat spleens were also examined by optical microscopy in the present study. Under optical microscopy, scattered fibroblast infiltration in the spleen was observed in the MAP group (Figure 7) , whereas, in addition to fibroblast infiltration, we also observed a decrease in the number of spleen lymphocytes in the SAP group (Figure 7) , suggesting that the cellular structure of the spleens of the rats was altered in AP, and lymphocytes were also involved. Subsequent TEM analysis revealed that the ultrastructure of spleen T-lymphocytes did not differ significantly in the MAP and SAP groups compared with the sham group (Figure 8a, b and d) , whereas the ultrastructure of spleen B-lymphocytes were significantly different in these groups (Figure 8 ). In the MAP group, we observed apoptotic spleen B-lymphocytes (Figure 8b) . However, in the SAP group, we observed necrotic and pyroptotic spleen B-lymphocytes (Figure 8c and d) . These findings suggested that we could not ignore the impact of the changes in spleen B-lymphocytes when studying the changes of the immune function in SAP. All needs further study.
Because AP can lead to morphological and cellular changes in the spleen, we wanted to determine whether the immune function of the spleen would change or not. For the fact that the spleen is the maximal peripheral immune organ and crucial in regulating immune homoeostasis, it not only contains large numbers of B-lymphocytes, T-lymphocytes, macrophages and other immune cells, but it also synthesizes many types of hormones, such as serum conditioner, preparation solution and tuftsin [60] . Thus, to evaluate the immunological function of the spleen, we examined the percentages of IgM memory B-cells in the blood of volunteers and patients with AP. IgM memory B-cells, which require the spleen for their generation and/or survival, are a unique B-cell population that participates in the immune responses of the body by producing natural IgM antibodies [18, 61] . Moreover, Di Sabatino A et al. [61] demonstrated that the recovery of splenic immune function in patients with Crohn's disease treated with infliximab was coincident with the restoration of IgM memory B-cells. Kruetzmann et al. [26] were unable to detect IgM memory B-cells in the blood when the spleen was absent [26] . Lammers et al. [62] indicated that the immunological function of the spleen could be analysed by evaluating IgM memory B-cells. In the present study, the percentage of IgM memory B-cells was obviously higher in the MAP group than in the healthy volunteer group (Figure 9c and d) , suggesting up-regulation of the immunological function of the spleen. However, the percentage of IgM memory B-cells was significantly lower in the MSAP and SAP groups compared with the healthy volunteers (Figure 9c and d) , suggesting down-regulation of the immunological function of the spleen. Thus, the immunological function of the spleen exhibited biphasic alteration in AP: up-regulation in mild AP and down-regulation in severe AP. In addition, we observed that the significantly lower percentage of IgM memory B-cells in AP patients with DROSD (similar to the value in the SAP group, as mentioned above) was lower than that in the AP patients with normal spleen density (Figure 9c and  d) , indicating down-regulation of the immunological function of the spleen in AP patients with DROSD. To verify further the changing trends in the immunological function of the spleen, we detected the tuftsin concentrations in the rat serum. Tuftsin, which is uniquely produced by the spleen, is a naturally occurring tetrapeptide that was originally described as an immune-regulating factor by Najjar in 1970, and it is a reliable marker of splenic immune function [38, 39] . Zoli et al. [63] demonstrated that patients with a short bowel treated with long-term intravenous nutrition had impaired splenic immune function, accompanied by a decrease in tuftsin. Trevisani et al. [64] observed a decrease in tuftsin in cirrhosis when the immunological function of the spleen was impaired. In the present study, compared with the sham group, the concentration of serum tuftsin in the rat MAP group was not altered at 6 h after model induction, it was significantly increased at 12 and 24 h, and it returned to normal at 48 and 72 h (Figure 10c and d) . However, in the SAP group, serum tuftsin was unchanged at 6 h and was significantly decreased at 12, 24, 48 and 72 h after model induction (Figure 10c and d) . These results further demonstrated that the immune function of the spleen in AP exhibited a biphasic alteration, suggesting that the immune function of the spleen in AP also exhibited phasic alteration. Meanwhile, this is also consistent with the results of Shengji Yang et al. in whose study the splenic T-lymphocyte subsets (CD4, CD8 and CD4/CD8) were used to evaluted the changes of splenic immune function in AP [65] . However, limited by time, we did not study the reasons for the transient changes in tuftsin concentrations observed in rats. Nevertheless, numerous studies have suggested that TNF-α at a low concentration in serum could stimulate the secretion of tuftsin, but it could also inhibit the secretion of tuftsin at a high concentration [66] [67] [68] . Thus, we hypothesize that the reason for the transient changes in tuftsin concentrations were related to the concentration of TNF-α in serum during the course of AP. We will conduct further research on this aspect in our future experiments.
In conclusion, this study demonstrated for the first time that DROSD in AP was an independent indicator of AP severity. We observed that the presence of DROSD was related to increased spleen volume and decreased spleen haemoperfusion instead of blood lipids. Additionally, in AP, the damage to spleen B-lymphocytes was obvious, and the immunological function of the spleen exhibited a biphasic and phasic alteration, depending on AP severity. Furthermore, the immunological function of the spleen was down-regulated in AP patients with DROSD.
